Abstract Biomass from an SBR running with no enhanced biological phosphorus removal (EBPR) but which exhibited anaerobic assimilation of glucose and acetate, was dominated by "G-bacteria", cocci in tetrads and clusters. Extracted 16S rDNA was amplified by PCR and then analysed using Denaturing Gradient Gel Electrophoresis (DGGE). Major bands were extracted and their sequences determined. Clone libraries were also prepared, the 16S rDNA extracted, PCR performed and the resultant fragments run by DGGE to aid in identifying the DGGE bands and provide fuller sequences than available by DGGE alone. The two approaches together allowed several bands to be identified. Probes for FISH analyses were designed for some of these in attempts to see to which phylogenetic group "G-bacteria" belonged, and whether they represented the dominant bands detected by DGGE. Then FISH/Microautoradiography (MAR) was used in attempts to see which bacteria there were assimilating substrates anaerobically. Results indicated that the "G-bacteria" were phylogenetically diverse, but mainly α-proteobacteria and members of the high G+C% Gram-positive bacteria. Not all of these could assimilate glucose and/or acetate anaerobically, and Amaricoccus, the original "G-bacteria" of Cech and Hartman, was not detected.
Introduction
The bacteria which can predominate in enhanced biological phosphorus removal (EBPR) systems that operate with alternative aerobic: anaerobic cycling of their biomass (Seviour and Blackall, 1999) , are thought to be selectively favoured in such systems because of their abilities to take up substrates anaerobically (Mino et al., 1998) . These populations include the phosphate accumulating bacteria (PAB) using polyphosphate as the energy source (ATP) for substrate transport (Mino et al., 1998) and the "G-bacteria" (Cech and Hartman, 1993) which are sometimes referred to (Liu et al., 1996) as the glycogen accumulating bacteria (GAB). These are considered to use glycogen to provide the energy. The lactic acid bacteria (LAB), which obtain energy for anaerobic substrate uptake from the Hexose Diphosphate pathway, have also been implicated in such systems (Carucci et al., 1999) .
The "G-bacteria" are of particular interest since they have been associated with failing EBPR systems because they are considered to outcompete the PAB (Cech and Hartman, 1993) . They often occur in large numbers in plants fed an influent rich in sugars like glucose. The hypothesis of Cech and Hartman (1993) is that their "G-bacteria" assimilate glucose into storage compounds more readily than the PAB can under anaerobic conditions, thus having a selective advantage over the PAB, which in turn are favoured when acetate is supplied anaerobically (Liu et al., 1994 (Liu et al., , 1996 . The "G-bacteria" are "defined" in terms of a morphotype , appearing under the microscope as cocci in tetrads or clusters.
However we know now that the term "G-bacteria" describes a diverse group of Gram positive and Gram negative bacteria (Maszenan et al., 1997 (Maszenan et al., , 1999a (Maszenan et al., ,b, 2000 Shintani et al., 2000) all indistinguishable under the microscope. Furthermore, when pure cultures of Amaricoccus, the "G-bacteria" described in the Cech and Hartman (1993) study, were examined for their abilities to assimilate glucose and acetate anaerobically, they were unable to do so (Tandoi et al., unpublished; Kong and Seviour, unpublished) . Therefore the question arises as to whether these "G-bacteria" play any important role in anaerobic substrate uptake in aerobic: anaerobic activated sludge systems. If so, which of the "G-bacteria" are responsible and which substrates do they assimilate? This study attempted to answer this question.
Materials and methods

Conditions for SBR operation and anaerobic batch trials
An SBR with a working volume of 1.6 l was used. It was maintained at 21°C and operated on 4 × 6 h cycles per day. Each cycle consisted of filling (3 min), anaerobic period (87 min), aerobic period (220 min), settle period (44 min), and draw period (6 min). Sludge age was 8-10 days. A nitrogen blanket was used to maintain anaerobic conditions during all the fill and anaerobic periods, and the D.O. was maintained at 2-6 mg L -1 during the aerobic phase. Mechanical mixing (400 rpm) was used during the fill, anaerobic and aerobic phases. The feed was a synthetic wastewater containing 140 mg L -1 acetate and 400 mg L -1 glucose, and (NH 4 ) 2 SO 4 as the N source at 100 mg L -1 . No P removal or nitrification occurred in the reactor during these experiments. Samples taken from steady state SBR conditions were then pulsed anaerobically with either acetate (160 mg L -1 ) or glucose (250 mg L -1 ) in a 300 mL vol. reactor, with pH monitoring, under a nitrogen blanket at 21°C.
Chemical analysis
Samples were filtered, and the biomass analysed for glycogen as glucose equivalent, and PHA by GC-MS (Braunegg et al., 1978) . Filtrates were analysed for acetate, lactate and nitrate by ion chromatography (Shimadzu) with a diode array detector.
Microbiological analysis
Samples were subjected to FISH/MAR analysis using the probes described in Table 1 and the protocol of Lee et al. (1999) .
Isolation of genomic DNA
Nucleic acids were extracted from the homogenate using a phenol-chloroform extraction protocol (Liu et al., 1997) modified as follows. Biomass samples were collected from the SBR during the end of the aerobic phase. Saline EDTA (0.15 M NaCl, 0.1 M EDTA) washed biomass samples were treated with lysozyme (2 mg.mL -1 ), Proteinase K (0.02% wt/vol), SDS (0.5% wt/vol), and RNase (0.1 mg.mL -1 ) at 55°C for 1 h. Treated biomass was lysed using 0.2 mm sterile acid washed glass beads in a mini-bead beater (Biospec) at 2,500 rpm for 180 sec, with cooling.
PCR amplification
The forward primer 968FGC (5′-AACGCGAAGAACCTTAC-3′) with a GC clamp (5′-CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGG3′) along with the reverse primer L1401 (5′-GCGTGTGTACAAGACCC-3′) were used to amplify 16S rRNA genes from mixed bacterial DNA obtained from the sequencing batch reactor using PCR (Muyzer et al., 1993) .
Denaturing Gradient Gel Electrophoresis DGGE of PCR products was carried with the D-Gene system (Bio-Rad Laboratories) in accordance with the protocol of Muyzer et al. (1996) . Polyacrylamide gels (10% [wt/vol] Y.H. Kong et al. 37:1 ratio acrylamide/bis-acrylamide; 30 to 80% denaturant; 100% denaturant being 7 M urea with 40%(v/v) formamide) were run for 6 h at 120 V in 1x TAE buffer at a constant temperature of 56°C. Gels were stained in 1 × TAE buffer containing 0.5 mg L -1 of ethidium bromide.
Results and discussion
Chemical changes occurring in the SBR An SBR operating with aerobic (3.5 hr): anaerobic (1.5 hr) cycling (1 hr settling) of an activated sludge biomass, which was fed a mixture of acetate (139 mg/l) and glucose (400 mg/l) was used. No EBPR was detected during the operation of this SBR over a 12-month period. The main chemical changes detected during a typical cycle are shown in Figure 1 .
A rapid uptake of glucose under anaerobic conditions corresponded to an increase mainly in lactate production in the medium, while acetate assimilation was associated more with an increase in intracellular levels of poly β hydroxyalkanoates (PHA) consisting mainly of polyβ hydroxybutyrate (PHB) and 3-hydroxyhexanoate. Both lactate and PHA levels dropped during the aerobic cycles, presumably being respired by the biomass for energy production. The detectable levels of intracellular glycogen (ca. 24% of the biomass) did not change over the aerobic: anaerobic cycle.
Microbiological analysis of SBR biomass
The biomass was dominated by "G-Bacteria" closely associated with the flocs (Figure 2 ). These differed in their cell diameters suggesting that several different "G-bacteria" were present. DGGE fingerprinting of 16S rDNA fragments (ca. 415 bp) of this community generated using the GC-clamped primers 968f and 1401r of Muyzer et al. (1997) gave the fingerprint shown in Figure 3 . A 16S rDNA clone library representing the SBR biomass was also generated in order to assist in obtaining more sequence information for probe design (Table 1 ). The plasmids extracted from the clone library, which contained the 16S rDNA insert, were amplified using the previously described GC-clamped primers. These partial 16S rDNA fragments were analysed using DGGE in conjunction with the SBR fingerprint, and sequenced.
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Figure 1 Chemical changes which occurred over the SBR standard cycle. a, b and c indicate anaerobic phase including fill, aerobic phase, settle and drawing period, respectively.
BLAST analysis showed that band (a) of Figure 3 was very closely related (97%) to an uncultured bacterium (Genbank UEAJ9509) reported by Wintzingerode et al. (1999) . The DNA sequence of band (b) showed 100% similarity to an unidentified High G+C "G-bacteria" (Genbank AF281118) isolated from an SBR operated by Jeon and Park (unpublished). Band (c) was very closely related (98%) to Micropruina glycogenica (Genbank AB012607), "G-bacteria" capable of anaerobic glucose uptake and glycogen synthesis, which were described by Shintani et al. (2000) . Band (d) was most closely related to (92%) an uncultured β proteobacteria (Genbank AF236010). Band (e) was also closely related (98%) to a β proteobacteria, a Dechloromonas sp. (Genbank AF170354) isolated by Coates et al. (1999) . Band (f) was most closely related (97%) to an Actinobacteria (Genbank ASA229243) isolated by Chin et al. (1999) . No bands corresponding to Amaricoccus were detected on the gels. When biomass samples taken at the end of the aerobic cycle of the SBR were pulsed anaerobically with glucose (Figure 4a ), its rapid disappearance paralleled an initial increase in lactate in the medium. This was then reassimilated, an event coinciding with a slight increase in the PHA and glycogen levels, neither of which changed under subsequent aerobic conditions. With anaerobic acetate assimilation (Figure 4b ), no detectable lactate was produced. Instead PHA levels rose and glycogen concentrations fell during the anaerobic regime.
FISH/Microautoradiography analysis of biomass
When microautoradiography and 16S rRNA targeted FISH probing was used (Lee et al., 1999) with biomass samples taken from the SBR, the following data were obtained and are summarised in Table 2 . Quantification of FISH data was made in terms of how much of the total floc area lit up with the Eub338 probe was occupied by cells lighting up with each of the probes used, and was determined by image analysis of at least 10 fields of view for each probe. Corrections were made for differences in cell sizes.
• Although many (ca. 21%) of the "G-bacteria" present ( Figure 2 ) responded to the α-proteobacterial probe, no Amaricoccus (Maszenan et al., 1997 (Maszenan et al., , 2000 could be detected in the biomass by FISH; • the present identity of these α-proteobacterial "G-bacteria" is not known, and no success has been achieved in attempts to culture them; • despite their dominance from FISH analysis, none of the major bands sequenced from DGGE analysis corresponded to these α-proteobacteria; • "G-bacteria" belonging to the γ Proteobacteria were also present (ca. 10% of total) as were the high G+C Gram positive bacteria (ca. 30%); • these included Micropruina glycogenica also detected as a major component of the community by DGGE; • about 36% lit up with the low mol% G+C probe of Meier et al. (1999) , a much higher number than detected in conventional activated sludge systems, and consistent with the presence of large numbers of lactic acid bacteria (LAB) and high levels of lactate production; • the main group of bacteria able to utilise glucose anaerobically as determined by MAR/ FISH were the low mol% G+C Gram positive bacteria appearing as small single cocci; • only some of the α proteobacterial "G-bacteria" could assimilate glucose anaerobically, suggesting there may be at least 2 physiologically different groups among them;
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Figure 4 Substrate utilisation and formation of metabolic products after glucose ( Figure 4A ) and acetate ( Figure 4B ) pulsing of biomass from a SBR.
[
• the high mol% G+C Gram positive "G-bacteria" including Micropruina glycogenica could assimilate both glucose and acetate anaerobically; • the other major unidentified high G+C "G-bacteria" were identical to that reported by Jeon and Park (1999) , which has a 16S rDNA sequence 94% similar to that of Micropruina glycogenica.
Conclusions
The biomass of an SBR fed acetate and glucose and operating with aerobic:anaerobic cycling produced a biomass dominated by "G-bacteria". DGGE has shown that among these is Micropruina glycogenica, a high mol% G+C Gram positive bacterium, reported to assimilate glucose anaerobically for glycogen production (Shintani, et al., 2000) . The unidentified bacteria identified from an SBR by Jeon and Park (unpublished) was also present. As suggested by DGGE, a minor portion of the biomass consisted of Dechloromonas sp. MAR/FISH suggest that the bacteria in our system capable of anaerobic glucose uptake included both the high and especially the low G+C Gram positive bacteria, which may explain the substantial production of lactate under anaerobic conditions in the SBR used here. Although most of the "G-Bacteria emerged after FISH as members of the α Proteobacteria, not all could assimilate glucose anaerobically and none were Amaricoccus spp., the original "G-bacteria" described by Cech and Hartman (1993 Manz et al. (1992) GAM42a 10 Cocci in tetrads + + Gamma Proteobacteria Manz et al. (1992) LGC354A-C 36 Single cocci + + Low G+C Bacteria ____________________ __________ __________ Meier et al. (1999) Cocci in tetrads +/-+/- 
